Abstract-Due to content-enriched sensing information and flexibility, Wireless Multimedia Sensor Network (WMSN) has a lot of potential applications. Low channel capacity, limited resource, correlation between sensing sources and uncertain factors make the design and optimization of WMSN challenging. In a densely deployed WMSN, there generally exist correlation and redundancy in the multimedia information collected by sensors with overlapped sensing area. In this paper, we adopt a crosslayer method to deal with the robust lifetime optimization of WMSN with correlated sources, which also has energy consumption uncertainty in the transmission of wireless links. To reduce the number of constraints of the source rate region, a pairwise Distributed Source Coding (DSC) scheme is proposed by matching sensor nodes based their correlation. A Distributed Pairwise Matching (DPM) algorithm is thus proposed. With a polyhedral set modeling the uncertain energy consumption, a robust cross-layer problem, which maximizes the lifetime of the WMSN through allocating source rate and flow rate on the link (i.e., routing) simultaneously under all the possible uncertainty, is formulated. The counterpart of the problem is showed to be a convex problem with linear constraints, which can be divided into several separate subproblems in different layers by dual decomposition. Based on the subgradient method and DPM, a partially distributed optimization algorithm is proposed. The algorithm can be implemented in small scale WMSNs with sink node only responsible for the calculation and distribution of the value of the lifetime. Simulation results verify the performance of the proposed algorithm and show its robustness under uncertainty.
I. INTRODUCTION
Wireless multimedia sensor network (WMSN) is emerging with the availability of inexpensive visual and audio hardware such as CMOS cameras and microphones [1] [2] [3] . A sensor node in WMSN is typically comprised of multimedia sensor module, microprocessor unit and radio module. WMSN can sense and transmit video and audio streams, still images, as well as scalar sensor data through multihop wireless links between sensors. WMSN is able to enhance the traditional sensor networks with contentenriched sensing information and has many new applications such as ambient Intelligence [4] . An example of WSMN is illustrated in Figure 1 . The multimedia sensor nodes can be connected wirelessly with neighbors and the sensed multimedia information (visual or audio) is transmitted through one or multiple hops to the sink node. Low capacity and limited resource make it challenging to deliver multimedia data in WMSNs. Due to densely deployed, multimedia information collected by sensors with overlapped sensing area is spatially correlated [3] . Thus, eliminating redundancy by exploring the correlation between nodes can increase the efficiency of WMSNs. It was shown that the distributed source coding (DSC) (Slepian-Wolf coding theorem) [5] can be used to eliminate the redundancy without explicit communication between correlated nodes. In addition, the encoder of DSC is much simpler than that of the state-of-the-art predictive encoding algorithm [6] . Thus, DSC is quite suited for WMSN with low capacity and limited resource. Optimal DSC schemes are proposed in [14] . However, the number of constraints to determine the Slepian-Wolf coding rate region grows exponentially in the number of correlated sources involved in the DSC.
Cross-layer optimization of wireless communication networks has been an active research area recent years. Backpressure-based approaches [15] that determine routing and scheduling using queue backlog information are widely used for cross-layer design due to its optimality. Capacity (stability) region for a time-varying wireless network is formulated in [17] , an optimal routing, scheduling and power control policy is proposed based on the backpressure approach in [15] . Joint optimization of congestion control, routing and scheduling in wireless multi-hop networks is studied in [16] [18] using dual decomposition and sub-gradient method. A lot of papers consider the optimization of wireless (multimedia) sensor networks without considering uncertain parameters [7] [8] [9] [10] [11] using the similar methods.
However, ignoring the uncertainty in the design of WMSN may results in inefficient energy consumption and reduced QoS. In the case of variable and uncertain system parameters, a solution that is efficient with all the possible values of the parameters is preferable (although it may not be optimal for given values). The authors in [12] considered the uncertainty in the distance between sensor nodes in wireless sensor networks (WSN), modeled the uncertainty with polyhedral and ellipsoidal sets, formulated the robust optimization problems of WSN and derived the robust counterpart problems that are proved to be convex. The problem in [12] is solved using a centralized algorithm in the programming solver, which is suitable for the analysis and initialization of WSNs but not for the practical operation. In addition, there are often strict requirement for the suorce rates from sensor nodes to the sink in WMSNs, while it only required some percentage of information reaches the sink in [12] .
Taking a cross-layer approach and optimizing transmission and source rate allocation simultaneously, especially in the present of correlation and uncertainty, are important for extending the lifetime of WMSN. In this paper, we consider the robust optimization of the lifetime of WMSNs with correlated sources and under energy consumption uncertainty using cross-layer design. Our aim is to develop an algorithm that is able to be implemented in the practical operation of WMSN. For this, firstly, a Distributed Pairwise Matching (DPM) algorithm is proposed to group the sensor nodes in pairs in order to implement the DSC with reduced complexity. Then, the transmission energy consumption uncertainty in each sensor nodes was modeled as a polyhedral set, with which we showed that the robust cross-layer optimization problem can be transformed into a convex counterpart problem with linear constraints. The lifetime maximization problem of such a WMSN is solved by dual decomposition and subgradient method [13] . The algorithm we developed not only is (partially) distributed, but also keeps the layering and modularity architecture of the communication network. The algorithm can be implemented in small scale WMSNs with sink node only responsible for the calculation and distribution of the value of the lifetime.
II. SYSTEM MODEL AND PROBLEM FORMULATION
We consider a static wireless multimedia sensor network, the sensor nodes of which are observing the same event using certain multimedia sensors (e.g., visual or audio sensor). We assume homogeneous sensor nodes, i.e., nodes are deployed with the same sensor. The WMSN is modelled as a directed graph ( , ) G N L with a node set N and a link set L. There are n +1 nodes in N , including n sensor nodes (the set of which is denoted by i j is ij c . The set of nodes directly connected to node i is denoted by i V .
A. Pairwise Distributed Source Coding (Pairwise DSC)
Due to densely deployed, multimedia information collected by nearby sensor nodes are often correlated and thus redundant. Since transmission of redundant multimedia data is energy-and bandwidth-consuming, we employ Slepian-Wolf distributed source coding (DSC) [5] to eliminate the redundancy. Denote i S as the source coding rate of sensor node i. To construct the sensed multimedia event in the sink without distortion, the source coding rates of all the sensor nodes must satisfy the Slepian-Wolf (S-W) source rate region [5] as follow,
where Z C is the complement of Z .
However, the S-W source rate region determined by (1) is difficult to be used in practical optimization of WMSNs due to:
1) The number of constraints in (1) grows exponentially in the number of sensor nodes;
2) Global correlation information (joint entropy and conditional entropy of all the possible partitions of sensor nodes) is required.
Here, we propose to implement the DSC in pairs, i.e., group two nodes in pair, which will perform the DSC jointly based on their correlation (joint entropy ( , ) H i j ). We thus propose the following distributed algorithm to match the nodes into pairs. (1)- (3) repeat until all the node are matched or null
In the DPM algorithm, sensor nodes are grouped through local negotiation with their neighbors. The sensor node tries to find a node which has the minimal joint entropy (maximum correlation) in his potential neighbors that have not be matched.
With the pairs determined by DPM algorithm, pairwise DSC is performed between sensor nodes in each pairs. Note that there may be some nodes that cannot find any neighboring nodes as his partner. We assume the set of such nodes is Q . Let P the set of all the pairs determined by the DPM algorithm. S-W region (1) can be now written as
B. Uncertainty Model of Energy Consumption
For the designing of WMSNs, optimization with respect to energy is of most important work. However, Energy consumption may be uncertain due to several reasons: the inaccurate distance measurement, system noise or error, changes of ambient environment and deviation of the electric circuits. Here, we consider the uncertainty in energy consumption of transmitting multimedia data on wireless links.
Denote ij e the energy consumed by transmitting one bit on the link ( , ) i j . In practical WMSN scenarios, we may know neither which energy consumption vectors in should be use, nor the statistic characteristics of vectors in . In this situation, we must assume that all the instances may happen. We should guarantee the robustness of our optimal solution under all the possible energy consumption vectors. Next, we will formulate such robust cross-layer optimization problem, and solve it using dual decomposition and subgradient method. ( )
C. Robust Optimization Problem Formation and its counterpart
The lifetime of an WMSN, T , is defined as the time when the first sensor node runs out of its energy, i.e., (2) and (4)- (6) under all the possible energy consumption vectors in while maximizes lifetime of the WMSN . Specifically, we have the following robust optimization problem,
where the constraints in (4) is the flow conservation law at each sensor nodes; constraints in (5) is the energy conservation law at each node under all the possible energy consumption vectors; constraints in (6) represent that the flow rate on a link should be less than the capacity of that link The problem above is not a linear problem due to products in the constraints in (5) . Note that the initial energy 
For convenience, we denote the above problem as P1. For robust optimization of the lifetime of a WMSN, constraints in (7) should be satisfied under all the possible energy consumption vectors, which is equivalent to 0 , , 0 max ,
The dual of the linear programming term (i.e., 
, , 0,
In this section, we derive the distributed algorithm for the robust cross-layer optimization of a WMSN by solving P2 using dual decomposition and subgradient algorithm.
A. Dual Problem
The problem P2 is a linear (and thus convex) problem. We can solve it in its dual domain since strong duality holds for convex problem under mild condition (which is satisfied for this problem). For a detailed discussion of this, refer [13] . However, the objective function of P2 (with linear constraints) is not strictly convex and thus the dual function is not differentiable. We use a similar approach as [8] to change the objective of P2 as follow: 1) Change the objective q to 2 q since objective that minimizes q is equivalent to the one that minimizes 2 q . 2) Add a small quadratic regularization term for each source rate and flow rate of each link to the objective. Then, the objectives of P3 becomes By choosing and small enough, the solution of the regularized problem can be arbitrarily close to that of the original one.
By introducing Lagrange multipliers i for the flow conservation constraints in (4) and i for the robust energy conservation constraints in (9) at each sensor nodes, the Lagrangian of P2 can be given by 
Then, the objective function of dual problem can be written as (2) and (6) 
B. Subgradient algorithm
Since dual objective function is not strictly convex, subgradient method is used to solve DP1. To obtain the subgradient, we should solve the minimization problem in ( , ) D given , , which can be decomposed into three independent subproblems, SP1, SP2, SP3 and SP4 as follows. 
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The subproblems actually correspond to the problems should be handled by different layers:
SP1 is to optimize the lifetime of the WMSN, and is an application layer problem. SP2 is to determine the flow rate of each link, which can be seen as a routing problem of network layer. Due to the uncertain energy consumption, SP2 is actually a robust routing problem. 
For the k-th steps of the subgradient method, the dual variables are updated as
where ( ) According to [13] , subgradient method is guaranteed to converge to the optimum if step-sizes k are designed appropriately as follows. Remark1: Since strong duality holds, the corresponding primal variables ( , , q r y ) are globally optimal variables of primal problem P2 (and also P1) for optimal dual variables ( , ). Remark2: We can see that through subgradient update algorithm, four subprolems are coordinated by Lagrange multipliers , (i.e., dual variables in the dual problem) and cooperatively work with each other to achieve the whole goal of maximizing the lifetime.
IV. IMPLEMENTATION OF THE PROPOSED SOLUTION
In this section, we would discuss how to implement the solution in the optimization in a practical wireless multimedia sensor network. We will show that the solution obtained in the last section implies a partially distributed algorithm to calculate the routing (i.e. determine the flow rate on each link) and the source rate in the present of correlated sources and energy consumption uncertainty to maximize the lifetime of the WMSN.
Assume that a small scale wireless multimedia sensor network as illustrated in Figure. 1. The sink node is partially responsible for the organization and management of the whole WMSN. The WMSN suffer the uncertainty of energy consumption which is modeled in (3) in section II. Assume that the time is slotted. Every time the correlation of the WMSN changes, for example the locations or orientations of the cameras in wireless visual sensor networks changes, the whole network would calculate the routing and source rates with the following partially distributed algorithm (Algorithm 1) that is derived from the solution in the last section.
A. Distributed algorirthm
With the pairwise DSC and the subgradient method, we propose the following distributed algorithm to the robust cross-layer optimization of a WMSN with correlated sources and uncertainty, which works as follow: to its neighboring nodes. 9) Go to step 3) and repeat until convergence.
Remarks 1:
To facilitate the distributed implementation of subgradient method in the above algorithm and reduce the massage pass in each step, we use a small constant step size that is same for all the nodes and in all the steps. The subgradient method can converge to a small neighborhood of the optimal solution of DP1 with constant step size that is small enough [13] . Remarks 2: The calculation of the source coding rate in step 4) can be implemented in any sensor node of the pairs, and the results are reported to the other node by massage passing. We assume that nodes in pairs know their joint entropy and conditional entropy.
B. Sumary
We show the whole picture of the robust cross-layer design of WMSN with correlated sources and uncertainty in Figure 2 . The original problem is a lifetime maximization problem with constraints of link rate, source rate, energy conservation, and robustness guarantee. Though we can transform the problem into a linear programming, it still involves a lot of variables. Centralized algorithm like simplex or interior-point methods can be used to solve it. However, they are not efficient approaches to be implemented in the practical operation of the WMSNs. Sink node needs to gather all the information (topology, link, uncertainty, correlation and so on), calculates the solution centrally, and distributes the results to every node. This will not only shorten the lifetime of the whole network due to energy consumption in information collection and distribution, but also increase the delay in the delivery of multimedia data. It may offset the benefits from cross-layer optimization. In this work, we deal with the problem in its dual domain. The main advantage of doing this is that dual problem can be further divided into some separate subproblems, which correspond to the functions in different protocol layers. As shown in Figure 2 , the subproblems are, respectively, the application layer problem (system objective, i.e., lifetime maximization), transport layer problem (source rate control) and network layer problem (routing). Dual problem can be solved using subgradient method. Local variables (except lifetime variable in Algorithm 1) are needed to update the subgradient, and thus it can be used to develop a distributed algorithm. Except application layer problem, the other two problems can be implemented distributedly in Algorithm 1.
Dual variables are "bridges" connecting and coordinating the separate subproblems in different layers. As shown in Figure 2 , through dual variables, our crosslayer design not only achieves the optimal objective, but also keeps the layering architecture developed for the computer networks, which has the advantages of modularity.
V. PERFORMANCE EVALUATION
In this section, we conduct simulations to investigate the performance of the proposed algorithms. The simulations are implemented in MATLAB software.
In our scenario setup, we assume the following radio model for the nominal energy consumption in the transmission on a wireless link: 
A. Performance of DPM algorithm
We compare the performance of DPM algorithm with a random matching (RM) algorithm. For random matching algorithm, each sensor node finds a partner in its neighbors randomly by massage passing. We replace the DPM in Algorithm 1 with the random matching algorithm for Algorithm 1 with RM, and show the resulting lifetime of Algorithm 1 with DPM and RM in Figure 3 . We can see from Figure 3 that the lifetime obtained by Algorithm 1 with DPM is larger than that with RM (more than 23% for this scenario). In addition, the lifetime decreases with the increase of the uncertainty parameter. This is because the robust algorithm would sacrifice some performance to confront the uncertainty. This is desirable, especially when the uncertainty is relative large (as illustrated in Figure 4) .
B. Performance of Robustness
We compare Algorithm 1 with a deterministic solution which does not consider the uncertainty in energy consumption. The deterministic solution optimizes WMSN with the nominal energy consumption (i.e., 
VI. CONCLUSION AND FUTURE WORK
Robust cross-layer design of wireless multimedia sensor network with correlated sources and uncertain energy consumption was investigated. To reduce the redundant information and complexity, distributed source coding was implemented in pairs which were determined by a distributed pairwise matching algorithm.
A polyhedral set was used to model the uncertainty in energy consumption. Robust lifetime maximization problem was formulated and its counterpart was showed to be a convex problem with linear constraints. Dual decomposition and subgradient method were used to solve the problem, which leads to a cross-layer design approach and a partially distributed solution. Dual variables were used to coordinate the separate subproblems in each layer, and thus layering architecture and modularity were maintained in the cross-layer design. The obtained distributed algorithm can be implemented in small scale WMSNs with sink node responsible for the calculation and distribution of the value of the lifetime. Simulation results verified the performance of the proposed algorithms, especially the benefits of robust optimization under large uncertainty case.
